Scratch-induced cracking is a serious problem for the use of glass products. At the scratch process, both median (vertical to the glass surface) and lateral (horizontal to the glass surface) cracks are formed. In this study, morphology of the scratch-induced cracks in a commercial soda-lime-silica glass was investigated by the scanning electron microscopy for the specimen broken across the scratch groove. Scratch test was carried out using a Knoop indenter in water and in dehydrated heptane. When scratch speed was 70 × 10 −6 m s
Scratch-induced cracking is a serious problem for the use of glass products. At the scratch process, both median (vertical to the glass surface) and lateral (horizontal to the glass surface) cracks are formed. In this study, morphology of the scratch-induced cracks in a commercial soda-lime-silica glass was investigated by the scanning electron microscopy for the specimen broken across the scratch groove. Scratch test was carried out using a Knoop indenter in water and in dehydrated heptane. When scratch speed was 70 × 10 −6 m s −1
, length of both vertical and horizontal cracks was proportional to the normal load at scratching, and environmental dependence was not observed. When scratch speed was increased with the constant normal load of 200 g, length of both cracks was decreased. In the case of horizontal crack, no environmental effect was observed. On the other hand, length of the vertical crack scratched in water was much longer than that in heptane. At very high scratch speed as high as 1,000 × 10 −6 m s −1 , no vertical crack was formed in the heptane. These differences between horizontal and vertical cracks should be due to the differences of crack initiation position and the influence of subcritical crack growth to these cracks.
Keywords: soda-lime-silica glass, scratch, cracking, lateral crack, median crack, stress corrosion inTrODUcTiOn Scratch-induced crack formation in glass is important for grinding process in glass-related industry and for degradation of strength in practical use. However, study about it is few. After the pioneering works by Bulusara and Chandrasekar (1997) about soda-lime-silica glass together with sapphire and polycrystalline spinel and by Li et al. (1998) about soda-lime-silica glass, some important studies were carried out. Le Houérou et al. (2003) show the transition from ductile to brittle deformation with applied load up to the chipping region for soda-lime-silica glass and proposed a model about crack formation based on linear fracture mechanics. We are focusing the crack initiation load and studied its composition dependence for borosilicate, aluminosilicate, and some commercial glasses together with the environmental effect (Yoshida et al., 2001 (Yoshida et al., , 2004 (Yoshida et al., , 2005 . In these studies, we found that the composition dependence of crack initiation load at scratching process [scratch resistance (SR)] is different from that at indentation process [crack resistance (CR)]. For example, CR of silica glass is about one order of magnitude higher than that of soda-lime-silica glass, but SR for these two glasses are in the same order. In addition, variation of the composition dependence of SR is much smaller than that of CR. Recently, in focusing the degradation behavior of cover glass in mobile electronic devices, scratch behavior of surface-strengthened glasses were reported (Gross, 2012; Schneider et al., 2012; Surdyka et al., 2014) . High load scratch behavior as a model of grinding process was also reported recently (Gu and Yao, 2011; Bandyopadhyay et al., 2012) .
However, most of the studies were focused only on the lateral crack parallel to the glass surface, and study about median crack normal to the glass surface is few. This is because of the fact that the formation of lateral cracks is easy to distinguish from the top surface, but the formation of median cracks is not. However, both of these cracks are important. In the case of scribing and bending process for cutting of glass sheet, deep median cracks are favored, but the existence of lateral cracks result in chipping and decrease of the edge strength. On the other hand, in the case of grinding process to make smooth surface, formation of lateral cracks are favored, but the formation of median cracks causes the decrease of surface strength. Therefore, studying the parameters controlling the formation of these two crack types is necessarily for improving the reliability of glass products.
In this study, morphology of cracks formed by scribing process was investigated by SEM observation of the cross section of scratched specimens. Effects of vertical load, scribing speed, and scribing environment are examined.
eXPeriMenTal
In this study, commercial soda-lime-silica glass made as slide glass for optical microscopy (Matsunami Glass Industry Ltd.) was scratched by Knoop indenter. A lab-made scratch tester reported previously (Yoshida et al., 2005) was used. Size of the sample was about 26 mm in length, 10 mm in width, and 1 mm in thickness. After introducing two slits at the both sides of the specimen, a crack was introduced at the opposite side to the scratch test surface by a diamond glass cutter to assist the bend break process. Shape of the specimen is schematically drawn in Figure 1 . After that, scratch test was carried out in water or dehydrated heptane at room temperature with a Knoop indenter. Normal load at scratch test was 50, 100, 200, and 300 gf, and the scratch speed was 70, 200, 500, and 1,000 μm s −1
. After the scratch test, arisen groove was covered with cyanoacrylate glue to prevent humidity and/or residual stress-induced slow crack growth (SCG) at the handling process described below. Then, the specimen was broken normal to the scratch groove by bending the specimen. The crack introduced before the scratch test was used as the origin of this bending fracture, and the scratched surface of the specimen suffered a compressive stress at the breaking process. Broken cross section of the specimen was coated with gold thin layer and served for SEM observation by using an S-3000N SEM (Hitachi High-Tech. Co. Ltd.). SEM observation was carried out within 3 h after the scratch test. All of the experiments were carried out 20 times for one condition.
resUlTs Figure 2 shows an example of the cross section of scratch groove and cracks. There are two types of cracks under the groove. One is the median crack, which is almost normal to the glass surface, and the other is the lateral crack, which is almost parallel to the glass surface. In this study, as is shown in Figure 2 , we define the length of median crack as vertical length of this crack, C, and that of lateral crack as the average length of the two horizontal cracks, C1. Figures 3A,B show the general trend of the crack formation when scratched in water ( Figure 3A ) and in heptane ( Figure 3B) as functions of applied normal load and scratching speed. In the case of low normal loads, medium crack is formed at low scratch speed, and lateral crack is formed at high scratch speed. There is a transition region where both of two cracks form. On the other hand, in the case of high normal loads, both median and lateral cracks are formed at low scratch speed, and lateral crack are formed at high scratch speed without forming median cracks. Figures 4A,B show the average crack length as a function of scratch speed when scratched at 200 gf, relatively high load, scratched in water ( Figure 4A ) and in heptane ( Figure 4B) . In both environments and in both types of cracks, crack length decreased with the scratch speed. As we mentioned above, median crack did not form in heptane at high scratch speed. When we focused on the environmental effect, it is clear that the length of median cracks observed in water was longer than that in heptane. On the other hand, length of the lateral cracks in water was nearly the same with that in heptane. Figures 5A,B show the average crack length as a function of normal load when scratch speed was very slow (70 μm s −1 ). In both environments and in both types of cracks, crack length increased with the applied normal load. The crack initiation load of median crack was lower than that of lateral crack, and the crack formation tendency was found to depend on the environment. When scratched in heptanes, both median and lateral cracks were formed together in many cases. On the other hand, when scratched in water, low normal load gave the median crack and high normal load gave the lateral crack. In contrast to the formation of cracks, when crack was once formed, its length did not depend strongly on the environment in the case of slow scratch speed.
DiscUssiOn
When we focus on the effect of scratch speed, it is clear that the crack length decreased with the scratch speed. According to Bandyopadhyay et al., width of the scratch groove depends on the scratch speed when normal load is as high as 5 N (510 gf) but does not depend on the speed when normal load is 2 N (204 gf). As most of our present study was carried out less than 2 N, deformation at scratch process should be elastic deformation and plastic flow together with densification, and they should not contain the time-dependent deformation such as viscous flow. Therefore, maximum stress should not depend on the scratch speed, and thus the scratch speed dependence cannot be explained by the crack propagation at KIC. This means that we must pay attention for the SCG (Wiederhorn, 1967) . SCG at regions I and II are the stress-assisted bond-breaking reaction of glass with water. That at region III is the intrinsic SCG free from water. Soda-lime glass is known to show both types of SCG. Scratch speed dependence of the crack length can be explained by the SCG as follows. Low scratch speed gives long loading duration, and so crack can grow up in this duration. On the other hand, high scratch speed gives short loading duration, and so enough time for crack growth cannot be achieved. Therefore, slower scratch speed gives longer crack length.
When we compare Figure 4A with Figure 4B , it is clear that the length of median crack scratched in water is longer than that in heptane, but the length of lateral crack in water is nearly the same with that in heptane when it is formed. This can be explained when we assume that origin of these two cracks positioned at different sites. The origin of cracking in median crack would be at the contact point of glass surface with indenter. Therefore, the origin would be surrounded by water or heptane, and so the stress corrosion will give the environmental effect. Scratching in water will give regions I and II SCG for median crack, which can occur even at relatively low stress field. In contrast with this, scratching in heptane can give only region III SCG, which is difficult to occur at low stress field. By the way, the origin of cracking in lateral crack would be at the interior of glass. Stress between plastically deformed region and elastic region will make the crack. Therefore, as the origin is not surrounded by water or heptane, only region III SCGC can occur and gives no environmental effects.
Increasing the normal load increases the crack length as shown in Figure 5 . This should be due to the increase of stress field at crack tip with the applied normal load. In the case of scratching in water, median crack is diminished at high stress field, and only lateral crack is formed. Further study should be required to clarify this phenomenon. In addition, we must note that although the crack formation tendencies of median and lateral cracks are different to each other, if both of the cracks are formed at the same condition, length of the two cracks are similar to each other. This suggests that the stress field around the groove is almost concentric with the groove as the center.
In the practical use of scratch process in industry, application of high normal stress is not favored for precision machining because it forms both median and lateral cracks. For scribing and breaking process, low load and low scratch speed process is favored because it forms median crack free from lateral one. Therefore, chipping at the edge would be diminished in this condition. However, as the scribing tool used in industry is much sharper than Knoop indenter, more study should be required for actual application. On the other hand, in the case of grinding process, low load and high speed is favored because it forms lateral crack free from median one. This will improve the surface strength of the grinded glass because of the few existence of deep crack. In addition, grinding environment free from water is found to be effective to prevent the formation of median crack.
cOnclUsiOn
Morphology of the scratch-induced cracks in a commercial soda-lime-silica glass was investigated by the scanning electron microscopy for the specimen broken across the scratch groove formed by a Knoop indenter in water and in heptane. Increase of the scratch load increases the length of median and lateral cracks. Length of median crack in water is longer than that in heptanes, while that lateral crack does not show environmental effect. Increase of the scratch speed decreases the crack length.
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